The paper presents examination of the properties of single-acting hydraulic drive for valves of internal combustion (IC) piston engines. In the valve actuation system proposed, a Caterpillar solenoid valve of the HEUI fuel system and a commercial hydraulic actuator were used as the distributor and final control element, respectively. The examination was carried out on a specially prepared model of the valve actuation system under consideration. The influence of various construction parameters of the system on the course of the valve displacement process was examined, with analysing such characteristic parameters of the process as delay in the start of the valve motion measured from the beginning of the current control signal, valve opening and closing times, time of the valve kept open, valve displacement vs. time curve, filling ratio of the area under the valve lift curve, and velocity of the valve hitting its seat. The construction parameters whose impacts were analysed included oil supply pressure, total working space volume, power supply voltage, distributor solenoid force, cross-sections of the distributor supply and overflow gaps, total mass of moving distributor parts, engine valve mass, actuator piston diameter, and valve spring characteristic curve. The necessity of using high supply pressures and high control voltages has been proven. Guidelines for designing engine valve actuation systems of this type have been given. It has been shown that due to low flow capacity, the distributors of the type used are only suitable for the hydraulic actuation of small valves of high-speed IC engines. Evidence has been produced that systems to advance the control signal in relation to the required valve opening instant must be applied to compensate for the valve actuation delay and the limited valve opening velocity. The fact that the valve displacement vs. time curve may be shaped within a relatively wide range has also been pointed out.
Introduction
During the work carried out on the hydraulic actuation and timing of IC piston engine valves, a single-acting hydraulic drive system was tested as one of the possible options [1, 4] . In x -distributor spool displacement; h -engine valve displacement; V -volumes; p -pressures; S -gaps; Subscripts: P -pipeline; A -actuator; 0 -supply; R -working space; Z -return the solution proposed, a Caterpillar solenoid valve of the high-pressure HEUI (Hydraulically actuated Electronic Unit Injector) system of a diesel engine was used as a distributor and a commercial hydraulic actuator was adapted as the final control element, which forced the engine valve under tests to open. The valve return movement was forced by a typical valve spring. A schematic diagram of the hydraulic part of the valve actuation system has been shown in Fig. 1 . It represents a simplified model of hydraulic part of the solenoid valve, hydraulic part of the single-acting actuator, and connecting pipeline.
When power supply is applied to solenoid terminals, the electromagnet armature moves together with the distributor spool to the right (x) and supply port 0 is connected to outlet port R through working space of V R total volume. Simultaneously, a spool edge cuts off outlet port R from return port Z. This working position has been shown in Fig. 1 . In this position, the supply oil pressure is transmitted to the actuator and the engine valve opens (h). When the distributor solenoid is de-energized, its return spring moves the spool to the left and outlet port R is cut off from supply port 0 and connected with return port Z. Thus, the oil pressure in the actuator drops and the valve spring closes the engine valve.
The necessary mathematical and simulation model of such a valve actuation system was prepared [2, ] and a test setup was built for verification, experimental, and simulation test needs, thanks to which the model prepared could be verified. The model thus prepared made it possible to carry out comprehensive simulation tests.
67
Examining the properties of single-acting hydraulic drive for valves of internal combustion engines 
Simulation tests
The simulation tests of the model of the single-acting hydraulic drive system with a Caterpillar distributor were carried out in several stages. The parameters of installation and of power and oil supply of a standard distributor in the valve actuation system were checked and analysed and the applicability of such a system to IC piston engines was studied. A question was also examined whether the parameters of operation of the singleacting hydraulic drive system can be significantly improved by a modification of the construction of a standard distributor.
When such a single-acting hydraulic drive system for engine valves is considered, a number of valve motion parameters schematically shown in Fig. 2 and discussed below should be taken into account.
Delay in the start of the valve motion in relation to the beginning of the control signal, T op
The delay in the start of the valve motion in relation to the beginning of the control signal (valve actuation delay) consists of the following: a) Time of applying of forcing current in advance (i.e. time from the applying of the control signal to the start of movement of the solenoid valve spool). During the bench tests, the forcing current was applied in advance by discharging a pre-charged capacitor and this process lasted for about 3 ms.
b) Time from the start of movement of the solenoid valve spool to the beginning of movement of the engine valve (time of building up the necessary actuator pressure).
The total valve actuation delay observed during the bench tests was not shorter than 6 ms (for an oil supply pressure of 16 MPa; at lower oil supply pressures, this delay even exceeded 10 ms). For this reason, the engine valve cannot be controlled in real time, after This copy is for person the control signal is applied at an instant corresponding to a specific position of the engine crankshaft. The impact of the valve actuation delay on the parameters of operation of the control system has been more comprehensively discussed in paper [3] .
Valve opening time, T O
For high oil supply pressures, of the order of 15÷16 MPa, a valve opening time of about 2.5÷3 ms was achieved (for a typical valve of a high-speed automotive engine, with 8 mm nominal valve lift). Al lower oil supply pressures, the valve opening time was significantly longer.
Valve closing time, T Z
The valve closing time was constant and remained on a level of about 3÷3.5 ms regardless of the oil supply pressure.
Time of the valve kept open, T, and filling ratio of the area under the valve lift curve, W
Taking into account the above minimum values of the valve opening and closing time, we may state that full opening of the valve, even with a short period of the valve dwelling in the fully open position, may be achieved if the total time of the valve kept open is about 6.5÷7 ms. This corresponds to the motion of a valve driven by a conventional harmonic cam at an engine crankshaft speed of about 6 000 rpm. The filling ratio of the area under the valve lift curve for a valve train with a conventional harmonic cam is then on a level of W = 55%. This means that for hydraulically driven valves, lower engine speeds will make it possible to achieve much higher values of the filling ratio, even exceeding W = 90% for engine speeds below 1 500 rpm.
Velocity of the valve hitting its seat, V Z
The tests revealed that the valve hit its seat with a high velocity, even of up to 1.5 m/s. This very high value should be significantly reduced in consideration of limited service life of the system operating in such conditions and of noisy system operation.
Impact of selected parameters of the valve actuation system on system properties
The impact of various parameters characterizing the construction of the valve actuation system on the valve displacement vs. time curve determined by calculations has been 
T h i s c o p y i s f o r p e r s o n a l u s e o n l y -d i s t r i b u t i o n p r o -

Impact of oil supply pressure p 0
The impact of the oil supply pressure on the properties of the valve actuation system has been shown in Fig. 3 . The raising of the oil supply pressure values resulted in insignificant shortening of the valve actuation delay, shortening of the valve opening time, and insignificant increase in the filling ratio of the area under the valve lift curve. On the other hand, higher oil supply pressures produced significant overshoot of the valve displacement following the moment when the maximum valve lift position was reached. The impact of the total working space volume on the valve displacement vs. time curve has been presented in Fig. 4 . When the total working space volume was reduced, the valve actuation delay was significantly shortened. In the valve actuation model having been built, the total working space volume was so large because the test setup was prepared for research purposes and measuring sensors had to be installed in it. In a prototype system version, this volume may be considerably reduced. 
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Impact of total distributor spool and armature mass m S
The impact of the total mass of moving distributor parts such as spool and electromagnet armature was almost imperceptible, even when this mass was reduced to about 50%.
Impact of engine valve mass m Z
The impact of the engine valve mass on the valve displacement vs. time curve was negligible; even if the mass were reduced to about 70%, e.g. by using valves made of titanium, the difference would be indiscernible. This impact chiefly manifested itself in the phase of the valve hitting its seat and it can only be noticed in the case of large and heavy valves.
Impact of distributor supply gap cross-section S 0
The impact of the distributor supply gap cross-section on the valve displacement vs. time curve has been presented in Fig. 7 . Widening of the distributor supply gap resulted in significant reductions in the valve actuation delay and in the valve opening time. On the other hand, it produced very big overshoot of the valve displacement following the moment when the maximum valve lift position was reached. In addition to this, extensive modification to the distributor design would be required to increase the rate of oil flow through the distributor supply gap. 
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Impact of hydraulic actuator piston diameter d
The impact of the hydraulic actuator piston diameter on the valve displacement vs. time curve has been presented in Fig. 8 and in Table 1 . Enlargement of the hydraulic actuator piston diameter translates into significant increase in the actuator chamber absorbing capacity. In the case under consideration, this resulted in extended valve opening and closing time and reduced filling ratio of the area under the valve lift curve. This impact is particularly noticeable for the actuator diameters exceeding 10 mm. The only favourable effect of such a modification was the fact that the velocity of the valve hitting its seat was thus significantly lowered. Based on an analysis of the results obtained, a statement may be made that neither enlargement nor reduction of the actuator diameter improved the performance of the valve actuation system. Due to low working medium flow capacity even at high supply pressures, the Caterpillar distributor is unsuitable for larger hydraulic actuators. On the other hand, actuators with smaller piston diameters do not produce adequate valve actuation force.
Impact of initial valve spring deflection y 0
The impact of the initial valve spring deflection on the valve displacement vs. time curve has been illustrated in Fig. 10 . On the one hand, bigger initial deflection of the valve spring prolonged the valve actuation delay and valve opening time; on the other hand, it resulted in shorter valve closing time and higher velocity of the valve hitting its seat. Simultaneously, the filling ratio of the area under the valve lift curve did not change, due to opposite impacts of the initial valve spring deflection on the valve opening and closing phase. This parameter may only be changed within a narrow range because of the spring strength characteristics. The impact of the valve spring rate on the valve displacement vs. time curve has been illustrated in Fig. 11 . On the one hand, increasing values of the valve spring rate prolonged the valve actuation delay and valve opening time; on the other hand, it resulted in shorter valve closing time and much higher velocity of the valve hitting its seat. Simultaneously, the filling ratio of the area under the valve lift curve only slightly increased, due to opposite impacts of the valve spring rate on the valve opening and closing phase. It seems justified to hazard an opinion that the use of valve springs with as high a spring rate value as practicable would be most advantageous for the valve actuation system; additionally, such a solution would raise the spring resonance frequency value.
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Impact of valve spring characteristic curve
The impact of the valve spring characteristic curve on the valve displacement vs. time curve has been illustrated in Fig. 12 . Within the simulation tests, the valve train provided with a valve spring of stepwise-changing rate was examined. For the valve displacement range exceeding 75% of the maximum valve lift, the valve spring rate was raised stepwise. The variable spring rate did not result in a significant change in the valve opening time; on the other hand, the undesirable phenomenon of temporary loss of contact between the actuator piston rod and the valve stem could be thus reduced. Moreover, rising values of the spring rate increment (dk) in the final valve displacement phase resulted in reductions in the valve closing time, which favourably affected the filling ratio of the area under the valve lift curve. 
Recapitulation
The paper presents results of simulation examination of the properties of a single-acting electrohydraulic system built to actuate an IC engine valve. The information gained from the testing of such a system has made it possible to determine the basic properties of the valve actuation system type under investigation and to formulate engineering guidelines and recommendations, which is important from the point of view of further work aimed at the development of a prototype electrohydraulic system of actuation of an engine valve.
The material presented provides grounds for determining the impact of selected parameters of an electrohydraulic system actuating an IC engine valve on the properties of such a system. Thanks to the tests carried out, the most important conclusions may be formulated as follows:
• Due to low working medium flow capacity, the Caterpillar distributor is unsuitable for systems intended to actuate larger engine valves; it may only be used for the actuation of small valves of high-speed automotive engines.
• For the valve actuation delay and the limited valve opening velocity to be compensated, feedback control systems must be used so that the control signal is generated appropriately in advance in relation to the required valve opening instant.
• To enable the use of valve actuation systems of this type in high-speed engines, relatively high oil supply pressures must be applied, even of about 20 MPa; moreover, the power supply voltage should be as high as possible and a system of applying forcing current in advance to open the distributor should also be provided.
• For high-speed engine applications, a special design of the distributor installation is necessary in order to minimize the total volume of the working space, which includes the actuator working chamber and the connecting pipes; probably, the distributor should be directly installed on the hydraulic actuator.
• For the engine valve actuation system of the type under consideration to be used in a wider range of applications, the distributor should be modified so that the solenoid efficiency is increased and its electromagnetic force is thus raised and so that the cross-section of the distributor supply gap is enlarged.
The detailed analyses presented in this paper may provide a basis for further research on the hydraulic drives for IC engine valves. 
